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We have studied the structure of two ionic liquids confined 
between negatively charged mica sheets. Both liquids exhibit 
interfacial  layering,  however  the  repeat  distance  is 
dramatically different for the two liquids. Our results suggest 
a transition from alternating cation-anion monolayers to tail- 10 
to-tail  cation  bilayers  when  the  length  of  the  cation 
hydrocarbon chain is increased.  
Many  applications  of  ionic  liquids  (ILs)  involve  their  use  as 
electrolytes in electrochemical applications such as solar cells and 
electrical  double-layer  capacitors  (EDLCs,  also  called  15 
supercapacitors)
1,  2.  Currently  there  is  relatively  little 
understanding  of  the  interfacial  behaviour  of  ILs  at  charged 
surfaces, although recent experimental and theoretical work have 
revealed  that  the  electrical  double  layer  in  IL  is  dramatically 
different to that in dilute electrolyte solutions. Experiments using  20 
a Surface Force Apparatus (SFA)
3, 4 and AFM
5 suggest that next 
to a negative surface lies a monolayer of cations, (C), followed by 
alternating monolayers of anions (A) and cations (C) repeating for 
3-8  repeat  units  (i.e.  C(AC)n w h e r e  n  =  3 - 8 )  a w a y  f r o m  t h e  
surface.  This  alternating  cation-anion  layer  structure  was  also  25 
observed  at  a  single  sapphire  surface  probed  by  x-ray 
reflectometry
6. Molecular dynamics (MD) simulations of IL in 
the region near an electrode surface reveal oscillations in cation 
and anion density with distance from the surface
7.  
 T h e   s p a c e - f i l l i n g   n a t u r e   o f   t h e   i o n s   n e a r   t h e   e l e c trode  also  30 
leads  to  a  qualitatively  different  dependence  of  double  layer 
capacitance on electrode potential: a local maximum (or ‘camel 
shape’ with two maxima for non-spherical ions) at the potential 
of  zero  charge  (PZT)  is  predicted  and  observed  for  an  ionic 
liquid
8,  in  contrast  to  the  minimum  expected  for  dilute  35 
electrolytes
9. For applications in EDLCs, where the electrode is 
composed  of  micro-  or  nano-porous  materials  in  order  to 
maximise the surface area
2, the effect on capacitance of confining 
the  electrolyte  to  nanoscopic  geometries  is  important.  For 
example  it  has  been  shown  that  optimal  capacitance  can  be  40 
achieved when the pore size is less than 1nm within which only a 
single ion can be trapped between the electrode surfaces
10.  
 H e r e   w e   p r e s e n t   h i g h   r e s o l u t i o n   f o r c e   m e a s u r e m e n t s  w h i c h  
reveal  the  interfacial  structure  of  two  ILs,  1-butyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide,  45 
[C4C1im][NTf2],  and  1-hexyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide,  [C6C1im][NTf2]  (Figure  1), 
confined  to nanometrically  thin  films.  A  dramatically different 
layering  structure  is  observed  for  the  two  ILs,  despite  their 
similar  chemical  structures,  which  differ  only  in  the  length  of  50 
hydrocarbon  chain  on  the  cation.  We  propose  that  the  more 
amphiphilic nature of the [C6C1im] cation causes self-assembly 
into tail-to-tail cation bilayers at the mica surface, driven by the 
need to sequester the hydrocarbon chains away from the ionic 
regions.   55 
Figure 1: Chemical structures and approximate dimensions in nm, 
calculated from the van der Waals radii, of the ions used in this study.  
 T h e   f o r c e ,   FN, between two atomically smooth mica sheets (in 
crossed cylinder configuration with radius R) was measured as a 
function of their separation distance, D, across the IL using an  60 
SFA  according  to  procedures  described  previously
11.  By  the 
Derjaguin approximation FN/R is proportional to the interaction 
energy  per  unit  area  between  parallel  plates,  Ell.  Ionic  liquids 
were  synthesised  according  to  a  method  described  elsewhere
12 
and kept in a desiccator until used. P2O5 powder inside the SFA  65 
chamber  prevented  moisture  entering  the  IL  during  the 
experiment, as verified by the reproducibility of results over the 
first  5-10  hours  of  each  experiment.  When  water  vapour  was 
intentionally allowed to enter the SFA chamber the oscillatory 
forces  were  observed  to  decrease  in  magnitude  over  a  similar  70 
timescale  and  finally  to  disappear  entirely.  The  data  presented 
represents many force runs at different contact points on the mica 
sheets  and  from  three  separate  experiments  (different  mica 
sheets) for each IL.  
 M e a s u r e m e n t s   o f   FN as  a  function of film thickness, D, f or  75 
[C4C1im][NTf2] and [C6C1im][NTf2] are shown in Figure 2. Both 
ILs show clear oscillatory forces with alternating repulsive and 
attractive  regions  of  increasing  amplitude  with  decreasing  D. 
Each  minimum  corresponds  to  a  stable  configuration  of  ions 
between  the  surfaces,  and  the  maxima  represent  the  force  80 
required to squeeze out ions from between the surfaces to reach 
the  next  stable  configuration.  However  the  period  of  the 
oscillations is significantly different for the two ILs which cannot 
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Figure 2: Measured force, FN, between two mica surfaces (normalised by R) as a function of film thickness, D, for (a) [C4C1im][ [NTf2] and for (b) 
[C6C1im][NTf2]. Forces were measured from D ~ 200 nm but only the region between 0 – 15 nm where non-zero forces were observed is shown. Open 
diamonds indicate points measured on approach of the surfaces (decreasing D) while open circles indicate data measured on retraction of the surfaces. 
Filled triangles indicate points measured from the jump-apart of the surfaces from an adhesive minimum. The lines are a guide to the eye to show the 
oscillatory nature of the forces, with solid lines through measured regions and dashed lines through the regions inaccessible to measurement due to the  5 
jump-in from the previous energy barrier. The inset tables show, for each graph, the average values of D for each force wall and its standard deviation as 
well as the inter-wall separations, !D. The columns of the tables are labelled according to our interpretation of the ion structure in the film at that 
separation: for [C4C1im] the n-value refers to the structure C(AC)n, and for [C6C1im] the n-value refers to (ACCA)n.
be accounted for by simply considering the incrementally longer 
chain  length  for  [C6C1im]  compared  to [C4C1im].  Instead,  this  10 
must represent entirely different interfacial structuring for the two 
ILs  and  we  rationalise  this  striking  result  as  follows.
  [C4C1im][NTf2].  Figure  2a  shows  the  oscillatory  forces 
observed  for  [C4C1im][NTf2]  confined  between  mica  sheets, 
revealing  six  energy  minima  within  the  resolution  of  our  15 
measurement. The period of the oscillations (!D in the inset to 
Figure 2) is ~0.9 – 1.4 nm, with the lower values for the most 
highly confined films, consistent with the thickness expected for 
one anion monolayer and one cation monolayer, (AC), as long as 
the  [C4C1im]  cations  are  lying  with  the  hydrocarbon  chain  20 
parallel rather than normal to the surfaces. Thus we propose, in 
line  with  earlier  measurements  by  us  and  others
3,  4,  that 
[C4C1im][NTf2] is arranged in alternating monolayers of anions 
and cations. This effect is likely to be templated by the negative 
charge  of  the  mica  surface
4,  which  induces  a  monolayer  of  25 
cations (C) to form in the first layer (which is responsible for the 
closest  repulsive  wall  observed  at  0.3  nm),  followed  by  a 
counterion  layer  of  anions,  and  so  on.  Each  oscillation  in  the 
force  profile  corresponds  to  squeeze-out  of  one  cation–anion 
repeat unit, (AC), to preserve electroneutrality of the film. Thus  30 
only odd numbers of layers are possible – C(AC)n – since the first 
single cation monolayer is responsible for neutralisating the mica 
charge. This alternation of cation and anion monolayers is shown 
schematically in Figure 3a for the C(AC)2 film (D = 2.3 nm). The 
decreasing  magnitude  of  the  energy  barriers  and  the s m a l l   35 
increase in the !D values as D increases suggest that the layering 
structure softens – becomes more disordered in ion arrangement – 
further away from the surfaces.  
 [ C 6C1im][NTf2]. Figure 2b shows the equivalent measurement 
for [C6C1im][NTf2], showing four oscillations within our force  40 
resolution  separated  by  significantly  larger  distances  than  for 
[C4C1im][NTf2]. Comparing the inter-wall separations, !D, with 
the ion sizes (Figure 1) it is clear that these oscillatory  forces 
cannot  be  explained  by  the  squeeze  out  of  one  anion–cation 
repeat unit. Nonetheless, the clear oscillations in force indicate  45 
that there must be an ordered and repeating structure in the IL 
between  the  mica  surfaces;  albeit  one  with  greater  repeat 
distance.  In  order  to  explain  this  observation  we  look  at  the 
chemistry of the cation, [C6C1im], which is distinctly amphiphilic 
with the positive charge at one end of the ion and a non-polar  50 
chain  to  the  other  end.  We  propose  that  a  feasible  repeating 
structure for this IL consists of bilayers of [C6C1im] ions, formed 
due  to  aggregation  of  the  non-polar  chains,  with  neutralising 
layers  of  anions  adjacent  to  the  cationic  headgroups,  i.e. 
(ACCA)n. This self-assembly could be driven by the unfavourable  55 
interface  between  hydrocarbon  and  charged  groups  relative  to 
more favourable ion-ion interactions, similar to the formation of 
bilayers of amphiphiles in aqueous solution. The observed energy 
minima are separated by the large repeat distance between the 
bilayer units, (ACCA), as  follows: (a) the  wall at D = 0.8 nm  60 
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Figure 3: Suggested ion orientations in (a) [C4C1im][NTf2] at a film thickness of 2.3 nm showing alternating cation and anion monolayers for C(AC)2; (b) 
[C6C1im][NTf2] at 3.4 nm showing a single bilayer, (ACCA)1, and (c) [C6C1im][NTf2] at a film thickness of 8.3 nm showing two bilayers, (ACCA)2.  
corresponds  to  a  single  monolayer  of  cations  between  the 
surfaces, (C), neutralising the two mica sheets. (b) The wall at D 
= 3.4 nm corresponds to one bilayer between the mica surfaces,  5 
with  the  hydrocarbon  tails  pointing  inwards,  as  shown 
schematically in Figure 3b; (ACCA)1. Logically the outer anion 
layers are partial layers necessary for neutralisation and must lie 
at  the  mica-headgroup  region,  perhaps  between  the  cation 
headgroups. (c) The wall at 8.3 nm corresponds to two bilayers of  10 
cations separated by a neutralising film of anions, (ACCA) 2, as 
shown in Figure 3c. (d) The wall at 14.6 nm corresponds to three 
bilayers, again each separated by neutralising anions; (ACCA)3.  
The !D value between the first two minima at low D is small 
since this corresponds to one additional layer of cations and equal  15 
number of anions; subsequent !D values are larger corresponding 
to the addition of a full bilayer of cations and the equal number of 
anions. !D is also expected to increase with increasing D, due to 
less  dense  packing  of  the  ions  for  less  highly  confined  films 
giving rise to freer ion orientations.   20 
 O u r   r e s u l t   c o n t r i b u t e s   t o   M D   s i m u l a t i o n s
13 and scattering and 
diffraction experiments
14,  15 which show nano-scale ordering in 
bulk  amphiphilic  ILs.  The  present  results  suggest  that  this 
amphiphilic self-assembly can also occur at a charged surface, 
and  moreover  that  the  presence  of  a  planar  charged  interface  25 
induces  a  two-dimensional  bilayer  structure.  Bilayer  formation 
observed in the bulk crystal structure of related (longer chain) 
ionic  liquids
15 s h o w e d  i o n s  a r r a n g e d  w i t h  h y d r o c a r b o n  c h a i n s  
interdigitated.  It  is  not  possible  to  determine  from  the  present 
experiments whether the tail-to-tail [C6C1im] cations are arranged  30 
with  their  chains  interdigitated,  although  the  D-values  suggest 
that any interdigitation can only be small. In a study at the IL-
vacuum interface a cross-over in structure with increasing chain 
length has been observed
16.  
 I n   s u m m a r y ,   w e   h a v e   d e m o n s t r a t e d   s t r i k i n g l y   d i f f e r ent  35 
oscillatory force behaviour between mica sheets across two ILs 
differing by the length of hydrocarbon chain. The shorter chain 
IL appears to form alternating cation-anion monolayers, C(AC)n, 
between  mica  surfaces  as  predicted  by  MD  simulations  and 
observed in earlier experiments. However the longer chain IL is  40 
structured with a much greater repeat distance, which we propose 
is due to cation bilayer formation, (ACCA)n, between the mica 
surfaces  driven  by  solvophobic-like  self-assembly  of  the 
[C6C1im] cations. These results suggest that a balance between 
electrostatics  and  chemical  interactions,  such  as  non-polar  45 
interactions  and  self-assembly,  may  control  the  interfacial 
structure  of  ionic  liquids.  Further  studies  of  the  relative 
significance  of  these  effects  is  essential  for  understanding  the 
electrical double layer structure in ionic liquids.  
 T h e   a u t h o r s   g r a t e f u l l y   a c k n o w l e d g e   W e i z m a n n - U K ,   T h e  50 
Leverhulme Trust, the US Office of Naval Research, the ERC, 
BASF, and Infineum UK Ltd for financial support. 
Notes and references 
a Department of Chemistry, University College London, 20 Gordon Street, 
London WC1H 0AJ, UK; E-mail: susan.perkin@ucl.ac.uk  55 
b Department of Chemistry, Imperial College London, London SW7 2AZ, 
UK. t.welton@imperial.ac.uk 
 
1.  M. Armand, F. Endres, D. R. MacFarlane, H. Ohno and B. Scrosati, 
Nature Materials, 2009, 8, 621.  60 
2.  P. Simon and Y. Gogotsi, Nat Mater, 2008, 7, 845. 
3.  R.  G.  Horn,  D.  F.  Evans  and  B.  Ninham,  Journal  of  Physical 
Chemistry, 1988, 92, 3531; K. Ueno, M. Kasuya, M. Watanabe, M. 
Mizukami and K. Kurihara, Physical Chemistry Chemical Physics, 
2010, 12, 4066; I. Bou-Malham and L. Bureau, Soft Matter, 2010, 6,  65 
4062. 
4.  S. Perkin, T. Albrecht and J. Klein, Physical Chemistry Chemical 
Physics, 2010, 12, 1243. 
5.  R. Atkin and G. G. Warr, Journal of Physical Chemistry C, 2007, 
111, 5162; R. Hayes, S. Z. El Abedin and R. Atkin, The Journal of  70 
Physical Chemistry B, 2009, 113, 7049. 
6.  M. Mezger, H. Schröder, H. Reichert, S. Schramm, J. S. Okasinski, 
S. Schöder, V. Honkumaki, M. Deutsch, B. M. Ocko, J. Ralston, M. 
Rohwerder, M. Stratmann and H. Dosch, Science, 2008, 322, 424. 
7.  M.  V.  Fedorov  and  A.  A.  Kornyshev,  The  Journal  of  Physical  75 
Chemistry B, 2008, 112, 11868; M. V. Fedorov, N. Georgi and A. A. 
Kornyshev,  Electrochem  Commun, 2010, 12,  296; R. M.  Lynden-
Bell, M. G. Del Popolo, T. G. A. Youngs, J. Kohanoff, C. G. Hanke, 
J. B. Harper and C. C. Pinilla, Accounts of Chemical Research, 2007, 
40, 1138.  80 
8.  A. A. Kornyshev, The Journal of Physical Chemistry B, 2007, 111, 
5545; V. Lockett, R. Sedev, J. Ralston, M. Horne and T. Rodopoulos, 
The Journal of Physical Chemistry C, 2008, 112, 7486. 
9.  A.  J.  Bard  and  L.  R.  Faulkner,  Electrochemical  methods  - 
fundamentals and applications, 2nd edn., John Wiley & Sons, 2004.  85 
10.  C. Largeot, C. Portet, J. Chmiola, P.-L. Taberna, Y. Gogotsi and P. 
Simon, Journal of the American Chemical Society, 2008, 130, 2730. 
11.  S. Perkin, L. Chai, N. Kampf, U. Raviv, W. Briscoe, I. Dunlop, S. 
Titmuss, M. Seo, E. Kumacheva and J. Klein, Langmuir, 2006, 22, 
6142;  S.  Perkin,  R.  Goldberg,  L.  Chai,  N.  Kampf  and J .  K l e i n ,   90 
Faraday Discussions, 2010, 141, 399. 
12.  L. Crowhurst and T. Welton, 2011, (submitted). 
13.  B. L. Bhargava, R. Devane, M. L. Klein and S. Balasubramanian, 
Soft Matter, 2007, 3, 1395; J. N. A. Canongia Lopes and A. A. H. 
Pádua, The Journal of Physical Chemistry B, 2006, 110, 3330.  95 
14.  T. Pott and P. Méléard, Physical Chemistry Chemical Physics, 2009, 
11, 5469; L. Gontrani, O. Russina, F. L. Celso, R. Caminiti, G. Annat 
and  A.  Triolo,  The  Journal  of  Physical  Chemistry  B,  2009,  113, 
9235;  A.  Triolo,  O.  Russina,  B.  Fazio,  G.  B.  Appetecchi,  M. 
Carewska and S. Passerini, The Journal of Chemical Physics, 2009,  100 
130, 164521. 
15.  A.  Downard,  M.  J.  Earle,  C.  Hardacre,  S.  E.  J.  McMath,  M. 
Nieuwenhuyzen and S. J. Teat, Chemistry of Materials, 2003, 16, 43. 
16.  T.  Hammer,  M.  Reichelt  and  H.  Morgner,  Physical  Chemistry 
Chemical Physics, 2010, 12, 11070.  105 
Page 6 of 8 ChemComm